. The ionospheric impact of an ICME-driven sheath region over Indian and American sectors in the absence of a typical geomagnetic storm. Abstract On 13 April 2013, the ACE spacecraft detected arrival of an interplanetary shock at 2250 UT, which is followed by the passage of the sheath region of an interplanetary coronal mass ejection (ICME) for a prolonged (18-hr) period. The polarity of interplanetary magnetic field Bz was northward inside the magnetic cloud region of the ICME. The ring current (SYM-H) index did not go below −7 nT during this event suggesting the absence of a typical geomagnetic storm. The responses of the global ionospheric electric field associated with the passage of the ICME sheath region have been investigated using incoherent scatter radar measurements of Jicamarca and Arecibo (postmidnight sector) along with the variations of equatorial electrojet strength over India (day sector). It is found that westward and eastward prompt penetration (PP) electric fields affected ionosphere over Jicamarca/Arecibo and Indian sectors, respectively, during 0545-0800 UT. The polarities of the PP electric field perturbations over the day/night sectors are consistent with model predictions. In fact, DP2-type electric field perturbations with ∼40-min periodicity are found to affect the ionosphere over both the sectors for about 2.25 hr during the passage of the ICME sheath region. This result shows that SYM-H index may not capture the full geoeffectivenss of the ICME sheath-driven storms and suggests that the PP electric field perturbations should be evaluated for geoeffectiveness of ICME when the polarity of interplanetary magnetic field Bz is northward inside the magnetic cloud region of the ICME.
Introduction
A coronal mass ejection (CME) in an interplanetary (IP) medium is called an interplanetary CME or ICME. Magnetic cloud (MC) is an important subset of ICME wherein the magnetic field is enhanced and rotates slowly through a large angle. In addition, proton temperature is low inside a MC structure and as a consequence, plasma beta is usually less than 1 (e.g., Burlaga et al., 1982; Zurbuchen & Richardson, 2006) . Another important feature of an ICME is a sheath region formed ahead of it and bounded by the shock front of the ICME. The plasma in an ICME sheath region is highly compressed and turbulent. The ICME sheath is generally characterized by enhanced and fluctuating magnetic fields, proton density, velocity, dynamic pressure, and temperature. The ICME sheath region can drive space weather events (e.g., Gopalswamy et al., 2008; Lugaz et al., 2016; Tsurutani et al., 1988) . Huttunen and Koskinen (2004) found that the postshock streams and sheath regions are the causes for intense magnetic storms and strong high-latitude activity. In fact, the ICME-driven IP shock can accelerate solar wind particles to energies of hundreds of MeV on many occasions and this acceleration process strongly depends on the geometry of the shock and the structure of the sheath region (Manchester et al., 2005) .
It is to be noted that both the sheath and MC regions of an ICME can drive (e.g., Echer et al., 2008; Huttunen et al., 2006; Tsurutani et al., 1988) geomagnetic storms although several studies suggest fundamental differences in the response of the magnetosphere-ionosphere system for sheath and MC-driven geomagnetic storms. Huttunen et al. (2006) showed that the asymmetry in the ring current intensity develops during the passage of sheath and MC domains of ICMEs. It was further suggested that the sheath-driven geomagnetic storms cause larger morning/afternoon asymmetry in the ring current than MC-driven geomagnetic storms. It is argued that the sheath-driven geomagnetic storms show stronger auroral activity whereas the MC-driven geomagnetic storms show strong enhancement in ring current (Huttunen et al., 2002; Pulkkinen et al., 2007) although reasons for this are not fully understood till today. It is also not clear whether development of global plasma convection (DP2 current system) associated with a typical geomagnetic storm can occur without significant changes in the ring current. This is an important question in the context of the efficacy of Dst index to gauge geomagnetic storm intensity (e.g., Borovsky & Shprits, 2017) .
During the passage of ICME sheath and MC regions at 1 AU, the Y-component (dawn-dusk) of interplanetary electric field (IEFy) can penetrate nearly instantaneously from magnetosphere to low-latitude ionosphere as the response time of the shielding region (Alfven layer) at the inner edge of the ring current is relatively larger. On the other hand, if IEFy rapidly flips to dusk-dawn direction after staying in the dawn-dusk direction in a relatively stable manner for some time, an overshielding (OS) condition (e.g., Chakrabarty et al., 2006 ) is generated. At this time, the inner magnetosphere experiences the OS electric field (or the residual shielding field) that was generated to counter the PP electric field. The polarity of PP electric field is generally expected to be eastward till 2200 LT (e.g., Fejer et al., 2008; Nopper & Carovillano, 1978) and westward afterwards. As a consequence, the polarity of OS electric field is westward (e.g., Simi et al., 2012) during daytime and eastward (e.g., Chakrabarty et al., 2006) during nighttime. It is to be noted at this point that the shielding time constant is typically of the order of 20-30 min (e.g., Kikuchi et al., 2010; Senior & Blanc, 1984) , which is closer to the periods (30-60 min) of DP2 fluctuations. Therefore, the changes at the inner edge of the ring current region that decide the shielding process during the global plasma convection associated with DP2 event can be complicated and require critical attention.
There exist very few studies on PP electric field over low-latitude-driven particularly by sheath region of an ICME. The work of Guo et al. (2011) showed that the effects of PP electric field over low latitude in daytime are associated with MC and sheath regions of ICME. In this case, an oscillatory ionospheric electric field was observed during the passage of a sheath region. It is also to be noted that the passage of sheath region caused the SYM-H to reach ∼ −80 nT. In addition, Wei et al. (2011) found multiple electric field penetrations over dip equatorial ionosphere during a passage of an ICME sheath in daytime and a strong geomagnetic storm followed due to the passage of MC region that reduced SYM-H to less than −200 nT. It is important to mention here that most of the intense geomagnetic storms are mainly driven by the MC region as this region is generally associated with strong and steady southward IMF Bz. In the present study, the ICME event on 11 April 2013 is investigated. This ICME event is special as the MC region in this ICME was not geoeffective and did not drive any geomagnetic storm (SYM-H did not go below −7 nT) in contrast to the general scenario. However, the PP electric field is found to affect the global ionosphere during the passage of the sheath region of this ICME. Therefore, it is shown that the PP electric field perturbations (rather than the changes in the ring current indices or changes in SYM-H) should be evaluated for geoeffectiveness of ICME when the polarity of IMF Bz is northward inside MC.
Data Set
The solar wind parameters (like solar wind magnetic field, proton temperature, flow speed, proton density, solar wind dynamic pressure, and electric field) are taken from the NASA GSFC CDAWeb (http://cdaweb.gsfc.nasa.gov/) wherein solar wind parameters are corrected for propagation lag till the nose of the bow shock. The temporal resolution of solar wind parameters is 1 min. The indices like SYM-H (symmetric component of ring current), AL (westward auroral electrojet), AU (eastward auroral electojet), and PC index are taken from CDAweb with 1-min temporal resolution. The vertical plasma drift data over Jicamarca (latitude: 12 ∘ S, longitude: 76.8 ∘ W, dip angle: 0.8 ∘ ) and Arecibo (latitude: 18.3 ∘ N, longitude: 67 ∘ W, dip angle: 45 ∘ , and magnetic latitude 30 ∘ N) are used for this investigation. Jicamarca is a dip equatorial station whereas Arecibo is a magnetically midlatitude station. This event was on a world day when both the incoherent scatter radar (ISR) radars were operated. In this work, Jicamarca drifts between 250 and 360 km are taken and in this altitude region, the drifts do not change much with altitude (e.g., Fejer, 2011) . The maximum uncertainty in Jicamaraca radar observation is 5 m/s. The linear regularization technique applied in the Arecibo data introduces smoothing (Sulzer et al., 2005) of the drifts. Arecibo being a magnetically midlatitude station, the meridional wind velocity measured by a collocated Fabry-Perot interferometer, is also taken into consideration to delineate the plasma drift arising from electric field alone. The fitting error for the meridional winds is typically <2 m/s. The height integrated (256-404 km) perpendicular north velocity is used for Arecibo along with the meridional wind measurements to infer the vertical plasma drift due to electric fields. The perpendicular north velocity (Vpn) is the plasma drift (E×B) perpendicular to north-south component of Earth's magnetic field (Fejer, 1993) . As pointed out by Fejer and Emmert (2003) , the typical accuracy of the Arecibo drifts at this altitude region is 10-20 m/s during nighttime. The horizontal magnetic field (H) variations of two Indian stations (Tirunelveli [TIR]: 8.7 ∘ N, 77.8 ∘ E, and dip angle 0.5 ∘ ; Alibag [ABG]: 18.6 ∘ N, 72.9 ∘ E, and dip angle 26.4 ∘ ) are used to deduce the equatorial electrojet (EEJ) strength. The temporal resolution of the ΔH data is 1 min. ΔH TIR −ΔH ABG represents the difference in the variation in the horizontal component of geomagnetic field over an equatorial (TIR) and an off-equatorial (ABG) stations in the Indian sector, and the difference provides strength of EEJ. The EEJ strength can be used as a proxy for electric field variation over the dip equator in daytime (Rastogi & Patil, 1986) . In order to identify the onset of substorm, if any during this event, the energetic electron flux measurements at geosynchronous altitude by Los Alamos National Laboratory (LANL) and GOES-13 satellites are considered. Six energy channels from LANL-01A and LANL-08 satellites (E1: 48-70 keV; E2: 69-102 keV; E3: 100-150 keV; E4: 145-220 keV, E5: 220-341 keV, E6: 341-490 keV) and four energy channels from GOES-13 (E1: 75 keV; E2: 150 keV; E3: 275 keV; E4: 475 keV) satellite are used in this present work. Figure 1 (from top to bottom) during 13-15 April 2013 in UT. The arrival time of the ICME-driven IP shock is marked by vertical red line at 2250 UT on 13 April 2013. It is followed by a prolonged sheath region, which continues for ∼18 hr. When the IP shock arrived at 2250 UT on 13 April 2013, the solar wind speed abruptly changed from 350 to 540 km/s, density from 3 to 12 cc −1 , and the dynamic pressure from 1 to 6 nPa. The sheath region of ICME is present between the two vertical dashed lines after 2250 UT on 13 April 2013 till 1735 UT on 14 April 2013. The sheath region is followed by a MC region. It can be clearly noticed that the solar wind magnetic field components were highly fluctuating in the sheath region. In contrast to the sheath region, the signatures of MC region can easily be identified from the decrease in solar wind density, dynamic pressure and the plasma temperature and sharp initial increase in magnetic field strength (∼14 nT) followed by monotonic decrease. Interestingly, observations of SYM-H did not reveal the usual signatures of a typical geomagnetic storm as IMF Bz was predominately northward in the sheath region except during 0545-0800 UT on 14 April 2013. Scherliess and Fejer (1999) , and (f ) EEJ strength (EEJ in nT) over India in black on the top of which a quiet day (13 April 2013) EEJ variation in blue during 0000-1200 UT is overlaid. The X-axis (Figure 2f ) is marked by universal time (UT) and the corresponding local times (LT) of different measurements are mentioned on the top of the X-axis in Figures 2c, 2e , and 2f for Arecibo, Jicamarca, and Tirunelveli, respectively. The gray shaded region shows the duration of penetration/OS of IEFy during 0545-0800 UT when the ICME-driven sheath region passes the Earth's orbit. It is to be noticed from subplots 2a and 2b that the variations in PC index over polar region goes hand in hand with the IEFy or dawn-dusk component of IEF during this interval. The PC index can be used as a proxy of the ionospheric electric field in the near-pole region (Troshichev et al., 2000) . In order to know the prompt electric perturbation over geomagnetically midlatitude region (geographically low-latitude), the ISR measured perpendicular plasma drift over Arecibo has been taken along with meridional wind velocity (Figure 2d ). It can be seen from Figure 2c that the perpendicular plasma drift is very different from the average quiet time plasma drift (marked with blue line). The perpendicular plasma drift is more downward during 0545-0800 UT (0115-0330 LT) when the meridional wind velocity remains nearly constant (∼ −20 m/s) and equatorward. The plasma drift has attained a minimum value of ∼ −29 m/s at 0618 UT despite the presence of an equatorward wind suggesting a clear westward electric field perturbation. In the Figure 2e , the average quiet time drift over Jicamarca clearly suggests that the electric field is generally westward during nighttime. Thus, the sharp deviation from the nocturnal variations of vertical drift is the direct contribution from the PP electric field from high latitude to low latitude. A large downward plasma drift is observed during the interval 0545-0800 UT (0045-0300 LT), which is exactly opposite to the dawn-dusk component of IEF. The downward plasma drift changed from Scherliess and Fejer (1999) where the vertical drift is positive upward, and (f ) equatorial electrojet strength (EEJ in nT) over India in black, which is overlaid with a quiet day (14 April 2013) EEJ variation in blue during 0000-1200 UT. The gray shaded region (0545-0800 UT) marks the interval when PP/OS electric field perturbations are seen over Arecibo/Jicamarca and Indian sector. IEF = interplanetary electric field. −24 m/s at 0545 UT to −50 m/s at 0618 UT. The maximum change in drift is ∼ −25 m/s during 0545-0618 UT. It is to be noted that the drift velocity of −25 m/s corresponds to a westward electric field of 0.5 mV/m over Jicamarca.
Results
It is to be noted that while the downward drift ∼0618 UT over Jicamarca is associated with the positive excursion of IEFy, the subsequent upward drift at ∼0700 UT is associated with the negative excursion of IEFy. It is seen that IEFy remained steadily positive for about an hour before turning to negative direction. These observations suggest that the downward drift over Jicamarca ∼0618 UT is due to westward PP electric field perturbation and the upward drift ∼0700 UT is caused by the eastward OS electric field perturbation. The EEJ strength (in Figure 2f ) shows a very good correlation with IEFy, and it is also quite different from the quiet day variations on 13 April 2013 (Ap = 6) during this period. Further, it is to be noted that the EEJ strength sharply changed from 42 nT at 0545 to 84 nT at 0618 UT under the influence of eastward PP electric field. So the change in EEJ strength is 42 nT during this time. In addition, the subsequent sharp decrease in EEJ strength from ∼65 nT at ∼0630 UT to 11 nT at ∼0712 UT under the influence of OS electric field is also seen. The variations in PC index and EEJ closely resemble with each other during this period. Interestingly, the variations in EEJ and vertical drifts over Jicamarca/Arecibo are out of phase with each other.
In order to bring out the periodic components in IEFy, EEJ, and vertical plasma drift during the passage of a sheath region, harmonic analyses were performed by using the standard algorithm by Schulz and Stattegger (1997) . Figure 3 depicts the periodic components of (a) IEFy, (b) EEJ, and (c) vertical drift during the interval 0545-0800 UT. The fast fluctuating components are extracted by using the Savitzky and Golay (1964) (Schulz & Stattegger, 1997) . Periodicity of 40 min (marked by gray shaded box) is found to be significant and present in all the parameters. Further, to know the causal relationship between two time series at this given frequency, cross-spectrum analyses are performed. The squared coherency and phase spectra between IEFy and EEJ strength as well as IEFy and vertical drift are depicted in Figures 3d and 3e , respectively. The horizontal dashed line in Figures 3d and 3e are marked at 90% false alarm level. It is found that the 40-mininner edge of the ring curren periodicities in EEJ and vertical drift are highly coherent with 40-min periodicity in IEFy and the phase is also stable around this period. This suggests that the 40-min periodic component in EEJ and vertical drift is due to corresponding variations in IEFy during the passage of the ICME sheath region.
In order to delineate the possible effects due to other sources such as substorms and its impact on equatorial ionosphere during the passage of the ICME sheath region, LANL and GOES data sets are investigated. Figure 4 shows the variations of electron injections (counts/s) measured at geosynchronous orbit by (a) LANL-01A, (b) LANL-08, and (c) GOES satellites, along with (d) the eastward (AU index) and westward (AL index) auroral electrojet index, during 0000-1200 UT on 14 April 2014. The energy channels of LANL and GOES-13 satellites are mentioned in the right side of the corresponding figures. The LANL-01A, LANL-08, and GOES-13 satellites were at the longitudes 146 ∘ W (LT = UT−9.7 hr), 165 ∘ W (LT = UT−11 hr), and 75 ∘ W (LT = UT−5 hr), respectively. The gray shaded region (0545-0800 UT) marks the interval when the electric field perturbations are observed over Arecibo/Jicamarca and Indian sector. It can be observed that the electron flux count started decreasing at ∼0545 UT and continued for ∼1.5 hr, which is a typical signature of substorm growth phase. This was followed by a dispersionless electron injection at 0810 UT, which indicates towards the onset of an expansion phase of a substorm. This feature is more conspicuous in the longitude sector of LANL-01A and GOES-13 compared to the longitude sector of LANL-08. Interestingly, the strengths of auroral electrojets particularly AL did not show any significant change during this time. Further, it must be noted that though the growth phase of substorm falls during the interval (0545-0800 UT) where the penetration of IEF is observed, but the expansion phase lies clearly outside of the given interval. The implications of these results will be discussed in the ensuing section.
Discussion
A CME that erupted from the active region NOAA11719 on 11 April 2013 passed by Earth during 13-14 April 2013 (Vemareddy & Mishra, 2015) . The present investigation brings out various aspects of ionospheric and magnetospheric effects during the passage of this sheath region. It is known that a geomagnetic storm can be induced by a sheath, the leading and trailing part of a MC (Wu & Lepping, 2002) . However, in this case, neither the sheath nor the MC was able to cause significant depression in SYM-H so as to be attributed as a typical geomagnetic storm. It was further shown that the perpendicular shocks are more geoeffective than a parallel shock as the perpendicular shock front can compress the IMF more than the parallel one (Kataoka et al., 2005; Yue & Zong, 2011) . In this case, the shock normal angle is found to be 60.5 ∘ (Oliveira & Raeder, 2015) , that is, the shock is more quasi-perpendicular. Though the IP shock is more perpendicular, the absence of predominantly southward IMF Bz led to a condition wherein the ring current intensity did not increase in strength. The IMF Bz is predominantly northward during this event except for a small duration 0545-0800 UT on 14 April 2013 when IMF Bz took two distinct southward excursions. The enhancement in SYM-H at ∼22:50 UT on 13 April 2013 is caused by an overcompression by quasi-perpendicular shock during the passage of ICME. It is to be noted that the energy transfer from solar wind to magnetosphere depends on the rate and duration of magnetic reconnection process between the Earth and interplanetary magnetic field (IMF Bz or the dawn-dusk component of IEF; Dungey, 1961) . Therefore, not only a perpendicular shock but also a southward IMF Bz inside the ICME is required to increase the ring current strength (Yue & Zong, 2011) . As the sheath region is highly turbulent, the solar wind parameters, particularly IMF Bz, fluctuate very fast and as a consequence, the growth of ring current may get inhibited. In addition to the sheath region of ICME, the MC region is also dominated by northward IMF Bz in the present case. Therefore, the ICME sheath region or the MC did not cause any geomagnetic storm and make SYM-H to be restricted at −7 nT. However, the global ionospheric electric field is found to be affected during 0545-0800 UT when IMF Bz takes two southward excursions inside the sheath region.
The present investigation shows a strong evidence of PP electric field from high to low latitude ionosphere both in day and night sectors during the passage of ICME sheath. In this case, the PP electric field is mainly associated to DP2 type periodic perturbation over the dip equator, which can also be driven by an ICME sheath. The periodic perturbations of 40 min in IEFy are causally connected to EEJ and drift over low latitudes (see Figure 3) . During the DP2 type events, the magnetometers show a coherent and similar magnetic variations from high to low latitude as the IP electric field penetrates from high to low latitude nearly simultaneously (Nishida, 1968; Yizengaw et al., 2016) . It is to be noted that the ionospheric electric field was found 10.1029/2018JA025334
to oscillate east and westward corresponding to north and southward fluctuations in IMF Bz and the time scale of quasiperiodic fluctuations can range from half an hour to several hours (Chakrabarty et al., 2005; Kikuchi et al., 2000) . A wide range of periodicities of 30-40 min (Kikuchi et al., 1996) , 25-35 min (Hanumath Sastri et al., 2000) , and 40 min (Chakrabarty et al., 2008 (Chakrabarty et al., , 2015 have been reported by earlier investigations by various measurements. Further, a recent investigation of Rout et al. (2017) revealed that periodicities of 30 and 60 min in IMF Bz affected the equatorial ionosphere during the corotating interaction region-driven geomagnetic storms. However, the penetration of 40-min periodic fluctuations in IEFy associated with sheath region of an ICME is brought out for the first time by the present investigation. In addition, it is also to be noticed that the polarity of PP electric field is westward (eastward) during night sector (day sector) when IMF Bz turns to southward during 0545-0800 UT.
Identical variations between PC index and EEJ strength (see the shaded interval in Figures 2b and 2f ) during 0545-0800 UT on 14 April 2013 unambiguously suggest that the effects of PP electric field at polar region and equator are nearly simultaneous. It has been shown that the PC index (Troshichev & Andrezen, 1985) and IEFy are well correlated and the PC index can effectively be used as ionospheric polar electric field during geomagnetic disturbed time (Nagatsuma et al., 2000; Troshichev et al., 2000) . The large change in EEJ strength (from ∼40 to ∼84 nT) at 0545 UT is caused by a strong eastward electric field perturbation in day sector. During this event (0545-0800 UT on 14 April 2013), Arecibo and Jicamarca stations were located in night sector whereas India was in day sector. The plasma dynamics over Arecibo is more complex than Jicamarca and India as the plasma drift can be influenced by meridional wind at Arecibo due to finite dip angle (45 ∘ ). Although the very small temporal scale fluctuations are absent in vertical drift over Arecibo due to reduced data cadence (smoothing), the downward drift due to westward electric field perturbation during 0545-0800 UT associated with the sheath region of ICME is very clear (see Figure 2c) . It is to be noted that the meridional wind velocity over Arecibo was in equatorial direction although the magnitude was relatively less (∼ −20 m/s). The equatorial wind would have moved the plasma upward, but the downward plasma drift at this time strongly indicates the clear influence of a westward electric field. In the present investigation, the polarities of PP electric field during day and nighttime are in agreement with earlier works by Nopper and Carovillano (1978) and Fejer et al. (2008) . The westward polarity of PP electric field has also been observed by earlier studies at this local time over Arecibo (Buonsanto et al., 1999; Erickson et al., 2010) , and these events were mainly associated with strong geomagnetic storms. Opposite polarities of PP electric field over Indian and Jicamarca sectors are also in accordance with the earlier results (Kelley et al., 2007) .
Recently, it is discussed by Borovsky and Shprits (2017) that the Dst index may not be a good proxy to gauge the strength of a geomagnetic storm and its effects on near earth space environment. It is argued that Dst index fails to capture various processes in the magnetosphere-ionosphere system during geomagnetic storms that include ionospheric Joule heating, outflow, changes in the thermospheric density, particle precipitation, state of the radiation belts, the evolution of the hot-plasma ions and electrons in the magnetosphere, and also the geomagnetic storm time evolution of the cold plasma of the plasmasphere and plumes. In addition, it is also well known that the CIR-driven geomagnetic storms can cause significant changes in radiation belt (Tsurutani et al., 2006) and global ionosphere (Rout et al., 2017) though the strength of ring current (Dst index) is less. Therefore, it is not surprising that the geoeffectivenss of an ICME event, in which the IMF Bz polarity is northward inside the MC structure and it is fluctuating in the sheath region, may not be captured efficiently by Dst index. Under these circumstances, PP electric field perturbations can be taken as proxy to evaluate the geoeffectiveness.
The sheath regions are highly turbulent due to plasma instabilities and can trigger substorms on many occasions (Akasofu & Chao, 1980; Pulkkinen et al., 2007) . However, during 0545-0800 UT, there was no onset of an expansion phase of a substorm. It is argued by Janzhura et al. (2007) that during substorm, the strength of AL index should exceed at least −400 nT. This is not the case here as AL did not exceed −400 nT. On the other hand, the high correlation between IEFy and other ionospheric electric field measurements strongly supports the arguments that the global ionospheric electric field is mainly driven by DP2 type electric field perturbations and not by substorms.
